Beaugé, Luis, and Reinaldo DiPolo. SEA-0400, a potent inhibitor of the Na ϩ /Ca 2ϩ exchanger, as a tool to study exchanger ionic and metabolic regulation.
exchange, SEA-0400 (SEA), on steady-state outward (forward exchange), inward (reverse exchange), and Ca 2ϩ /Ca 2ϩ transport exchange modes were studied in internally dialyzed squid giant axons from both the extra-and intracellular sides. Inhibition by SEA takes place preferentially from the intracellular side of the membrane. Its inhibition has the following characteristics: it increases synergic intracellular Na ϩ (Na i ϩ ) ϩ intracellular H ϩ (H i ϩ ) inactivation, is antagonized by ATP and intracellular alkalinization, and is enhanced by intracellular acidification even in the absence of Na ϩ . Inhibition by SEA is still present even after 1 h of its removal from the experimental solutions, whereas removal of the cointeracting agents of inhibition, Na i ϩ and H i ϩ , even in the continuous presence of SEA, releases inhibition, indicating that SEA facilitates the reversible attachment of the natural H i ϩ and Na i ϩ synergic inhibitors. On the basis of a recent model of squid Na ϩ /Ca 2ϩ exchange regulation (DiPolo R and Beaugé L. J Physiol 539: 791-803, 2002), we suggest that SEA acts on the H i ϩ ϩ Na i ϩ inactivation process and can interact with the Na ϩ -free and Na ϩ -bound protonized carrier. Protection by ATP concurs with the antagonism of the nucleotide by H i ϩ ϩ Na i ϩ synergic inhibition.
ionic-metabolic interactions THE PLASMA MEMBRANE NA ϩ /CA 2ϩ EXCHANGER (NCX), ubiquitously present in vertebrate and invertebrate cells, normally exchanges three Na ϩ ions for one Ca 2ϩ ion during each cycle and is the primary pathway for Ca 2ϩ efflux in cardiac and nerve cells (2) . As it happens, with many ion transporters, the Na ϩ /Ca 2ϩ exchanger is highly regulated, with most modulation processes taking place on the large intracellular loop of the protein. In general, these modulations include intracellular Na ϩ (Na i ϩ )-dependent inactivation, intracellular Ca 2ϩ (Ca i 2ϩ ) regulation at a nontransported regulatory site, intracellular H ϩ (H i ϩ ) inhibition, and metabolic regulation by ATP (6, 8, 11) and phosphoarginine in squid nerve (7) . Metabolic regulation is associated with phosphorylation-dephosphorylation reactions (lipid kinases in the cardiac cells) (11) , protein kinases in smooth muscle cells (23) , and soluble cytosolic regulatory proteins in squid nerve (1, 4) . In mammalian heart and squid nerve, ATP stimulation occurs mainly through changes in the affinities of the exchanger for its intracellular regulatory ions (2, 5, 6 ] i ), and intracellular ATP concentration ([ATP] i ), thus making it an excellent preparation in which to explore the site (or sites) of action of SEA. Conversely, SEA can be used as a tool to examine the validity of our kinetic model of ionic and metabolic interactions with the exchanger and to clarify the reaction mechanism of this transporter. In the present article, we provide evidence that 1) SEA does act on the Na i ϩ inactivation process, but it also interacts with the H⅐E 1 exchange conformation (6), and 2) the role of ATP protection against H i ϩ ϩ Na i ϩ synergic inhibition is supported by the marked reduction of SEA inhibition in the presence of the nucleotide, even at physiological [Na ϩ ] i . , and 10 Tris-Cl Ϫ , pH 7.6. To prevent any endogenous production of ATP and to block all Na ϩ channels, 1 mM NaCl and 100 nM tetrodotoxin were always added to the external solutions. The osmolarity of all solutions was adjusted to 940 mosmol/l. At the beginning of the experiments, the axons were routinely dialyzed for ϳ45 min with a standard medium containing 1 mM EGTA and free of Ca 2ϩ and ATP. In all cases, each axon served as its own control because steady-state fluxes were measured before and after a given experimental condition. Reagents were obtained from Sigma Chemical (St. Louis, MO). Working temperature was between 17°and 18°C. SEA, provided by Taisho Pharmaceutical (Tokyo, Japan), was dissolved in dimethyl sulfoxide (DMSO) as a 10 mM stock solution and later diluted directly in the external or internal medium. The DMSO was always at or below 0.1%, a concentration without effect on the Na ϩ /Ca 2ϩ exchange fluxes. (17), preferentially inhibited the reverse exchange mode (12) . In addition, these authors showed that KB-R7943 acts mostly from the extracellular side. On the other hand, SEA seems to act on the intracellular regulatory loop of the exchanger (17) . To elucidate on which membrane side SEA works and to advance understanding of its mechanisms of action, we studied its effects in both extracellular and intracellular media on three modalities of the exchanger: forward (Na o ϩ /Ca i ] i in the absence of ATP (6) .
MATERIALS AND METHODS

Squid
RESULTS
Effect of extra-and intracellular
In the axon shown in Fig. 1 , which amounts to ϳ80% inhibition. This value is significantly higher than that observed when SEA was applied externally. A dose-response curve for cytosolic SEA inhibition of the forward Na ϩ /Ca 2ϩ exchange is shown in Fig.  4 . The experimental points were fitted to a Michaelis-Menten equation, resulting in K i of 1 Ϯ 0.15 M (n ϭ 14). At the high ionic strength used in our dialysis solutions, this value is Ͼ50 times higher than that reported for mammalian tissues (17, 19, 25) (6) . On that basis, we recently proposed that intracellular protons and Na i ϩ inactivation linked to H i ϩ inhibition reduce the affinity of the regulatory Ca i 2ϩ site, effects that are antagonized by ATP (6) . Regarding SEA, it has been suggested that it works by promoting Na i ϩ inactivation (3, 17) . Therefore, it is not unreasonable to expect that SEA inhibition is affected by all of the aforementioned ligands. exchange; upon removal of Na i ϩ , the flux returned rapidly to Ͼ90% of the flux observed initially without and with SEA. This indicates that the SEA enhancement of Na i ϩ inhibition is markedly reduced upon removal of Na i ϩ , even in the continuous presence of SEA. Figure 6 shows an experiment in which 3 M SEA became practically ineffective when 3 mM Mg 2ϩ -ATP was included in the dialysis medium, even in the presence of 40 mM Na i ϩ at pH 7.3. Note that after more than threefold stimulation by Mg 2ϩ -ATP, the Na o ϩ -dependent Ca 2ϩ efflux was only 8% inhibited by 3 M SEA; this is in contrast to 80% inhibition without ATP shown in Fig. 3 .
In the comprehensive kinetic model proposed for the interrelationship of ionic H i ϩ -Na i ϩ -Ca i 2ϩ and ATP modulation of the squid Na ϩ /Ca 2ϩ exchanger (6), intracellular protons act in a two-step fashion. First, H i ϩ competes with Ca i 2ϩ at the regulatory site at the time that allows the binding of Na i ϩ to the H-E 1 conformation. In a second step, the H 2 -E 1 -Na ϩ complex permits the binding of a second proton, leading to the H 2 -E 1 -Na ϩ dead end inhibitory complex. The proposed role for ATP is to antagonize the bindings of the two protons and of Na ϩ (see Fig. 11 and Ref. 6). Given the results described above, it seemed reasonable to look into the effects of H i ϩ on SEA inhibition by themselves. This might not only clarify the mechanisms of that inhibition but also could serve as an additional test for the proposed kinetic model of ionic and metabolic regulation of the Na ϩ /Ca 2ϩ exchanger. Initially, we followed the effects of protons in the presence of 40 mM Na i ϩ , 5 M Ca i 2ϩ , and no ATP. In the experiment shown in Fig. 7 , an initial steady-state, Na o ϩ -dependent Ca 2ϩ efflux of ϳ200 fmol⅐cm Ϫ2 ⅐s Ϫ1 at pH i 7.3 increased to ϳ736 fmol⅐cm Ϫ2 ⅐s
Ϫ1
when the cytosol was alkalinized to pH 8.5. Subsequent addition of 3 M SEA to the dialysis medium produced only a minor reduction in Ca 2ϩ efflux to 689 fmol⅐cm Ϫ2 ⅐s Ϫ1 , i.e., a 7% inhibition. Thus, still in the presence of 40 mM Na i ϩ , alkalinization strongly antagonizes SEA inhibition. We already know that in squid axons in which the Na i ϩ has been removed completely, intracellular acidification inhibits the exchanger (see Fig. 10 and Ref. 6); in our model, this is due to the binding of the first proton to the Na ϩ -free carrier. Figure 8 shows an experiment designed to explore the pH i dependence of SEA inhibition in the complete absence of Na i ϩ . Note that without Na i ϩ and at pH 7.3, the Na o ϩ -dependent Ca 2ϩ efflux (forward exchange) was markedly stimulated, reaching a steady-state level of 1,100 fmol⅐cm Ϫ2 ⅐s Ϫ1 . A subsequent reduction of pH i to 6.7 induced a substantial inhibition of the exchange activity to 427 fmol⅐cm Ϫ2 ⅐s
. Under this acidic condition and in the absence of Na i ϩ and ATP, 3 M internal SEA caused a 44% inhibition of the Na ϩ /Ca 2ϩ exchange flux. Interestingly, in the continuous presence of SEA, returning the pH i from 6.7 to 7.3 in the absence of Na i ϩ returned the Na o ϩ -dependent Ca 2ϩ efflux to its initial values. In contrast to the reversibility of H i ϩ inhibition in the presence of SEA, Fig. 9 shows that removal of SEA while the pH remained acidic did not result in any recovery of the exchange fluxes. Figure 10 
DISCUSSION
One major drawback in the characterization of the Na ϩ / Ca 2ϩ exchanger has been the absence of specific inhibitors of this system. Recently, with synthesized compounds such as KB-R7943, SEA has seemed more potent and specific (although not absolutely; see Ref. 22) . Therefore, such compounds may be more useful than previous ones in helping to characterize the events that lead to the Na ϩ /Ca 2ϩ exchange and the role of this mechanism in Ca i 2ϩ homeostasis under physiological and pathological conditions (19, 20) . It has been proposed that KB-R7943, 10-fold weaker than SEA (25) , affects mainly the reverse exchange mode (Na i ϩ -dependent Ca 2ϩ influx) (12, 26) by acting preferentially from the extracellular medium. Although its sites of action remain unknown, it has been reported that Gly833 within the ␣-2 repeat region of the exchanger plays a critical role in the inhibition process (13) . On the other hand, SEA inhibits cardiac and neuronal Na ϩ /Ca 2ϩ exchange with an affinity and specificity higher than that of any presently known inhibitor (2, 17, 25) . Measurements of Na i ϩ -dependent Ca 2ϩ uptake and whole cell Na ϩ / Ca 2ϩ exchange currents in NCX1-transfected fibroblast and exchange currents in giant excised membrane patches from oocytes also transfected with NCX1.1 (3, 17) indicate that SEA stabilizes the transition of NCX1 into a Na i ϩ -dependent inactive state (I 1 ). In addition, exchangers with the inhibitor peptide region mutated or mutants with suppressed I 1 inactivation (⌬229 -232, K229Q, and Y224W/Y226W/Y228W/Y231W) have shown markedly reduced sensitivity to SEA (3, 14) .
In the present work, we have studied the effects of extra-and intracellular SEA on steady-state outward (forward exchange), inward (reverse exchange), and Ca 2ϩ /Ca 2ϩ modes of the Na ϩ / Ca 2ϩ exchanger. Although previous studies with SEA revealed mostly changes in the peak outward Na ϩ /Ca 2ϩ exchange currents, the data also show that SEA inhibits steady-state currents (3). In our experiments, the enhancement by SEA of Na i ϩ inhibition of the Na ϩ /Ca 2ϩ exchanger almost certainly reflects Na i ϩ interaction at the Na ϩ inactivation site, because 1) Na i ϩ inactivation is strongly increased by protons, 2) ATP and intracellular alkalinization relieve inhibition, 3) Na i ϩ and H i ϩ synergically promote SEA effects, and 4) internal acidification favors SEA inhibition even in the absence of Na i ϩ . In other words, the relationships between SEA inhibition and ligands interacting with the intracellular loop can be fully accounted for by the model recently proposed for regulation of the squid Na ϩ /Ca 2ϩ exchanger (6) . The normal ATP concentration in a squid axon is ϳ3-4 mM. Therefore, the inhibitory potency of SEA is expected to be largely diminished under physiological conditions. Actually, this hypothesis is in line with a recent work, published while this article was in preparation, in which inhibition by SN-6, a new benzyloxyphenyl derivative, in NCX1-transfected cells occurred in the inhibitory peptide region (related to Na i ϩ inhibition) and was enhanced by intracellular ATP depletion (15) . These results strongly support our proposed model in which the site of SEA inhibition is intracellular and acts through Na i ϩ -H i ϩ synergy, which in turn is modulated by ATP level (Fig. 11) ,
Another interesting feature of our present results is that some characteristics of SEA inhibition described for NCX1 are not reproduced in squid axons. The inhibition does not occur mainly in the reverse exchange mode, but the three investigated modes (forward, reverse, and Ca 2ϩ /Ca 2ϩ exchange) are affected. Also, we found no evidence that inhibition takes place preferentially from outside the membrane. To the contrary, the forward exchange is inhibited Ͼ80% from inside the axon, compared with only 40 -50% from the external surface. As pointed out above, the data support the notion that SEA acts at or very near the intracellular loop of the exchanger (see Ref. 3) . The fact that the observed onset times of SEA inhibition of the forward Na ϩ /Ca 2ϩ exchange are not very different from those observed outside (Fig. 1) or inside the axon (Fig. 3) does not mean that the actual rates are the same. Figures 2 and 3 show that the washout of Na ϩ from the extracellular side takes place in Ͻ6 min. On the other hand, in the intracellular phase (see Fig. 5 ), that washout takes Ͼ20 min. These differences are due to geometry that makes the accessibility to extracellular Na ϩ sites easier than that associated with sites located inside the membrane. This point is also illustrated in Fig. 5 , in which full stimulation of the exchanger by 3 mM ATP (Ͼ10 times the K m ) occurs after ϳ30 min of its inclusion in the dialysis solution. Therefore, one should expect much faster inhibition of the exchanger by external application of SEA if the inhibitor is acting on an extracellular site. Nevertheless, we cannot rule out completely an additional external site involved in SEA inhibition. It could be argued that changes in pH i may affect SEA inhibition through changes in its state of protonation. SEA is a 2,5-dimethoxyaniline. In general, the acidic dissociation constant (pK a ) of anilines is ϳ4.0; actually, a compound with a closely related structure, the 3,5-dimethoxy aniline, has a pK a of 3.82 (16) . Consequently, at pH Ն6.7, practically all SEA are in a nonprotonated state. This makes it unlikely that a variation in pH i explored in the present study, particularly alkalinization from pH 7.3 to 8.5 that prevents inhibition, will significantly modify the amount of unprotonated SEA molecules.
Under favorable conditions (with 40 mM Na i ϩ , pH 7.3, and no ATP or with pH i 6.7, no ATP, and even without Na i ϩ ), inhibition by SEA cannot be reversed for at least Յ1 h after its removal from the dialysis solution (see Fig. 9 ). One explanation for the irreversibility of SEA inhibition may be an actually very slow off rate constant for binding to the exchanger. Another alternative is that because of its known high hydrophobicity, it is very difficult to remove it from the lipid environment of the membrane; this requires a hydrophobic region around its actual binding site in the exchanger molecule. In addition, a nonspecific accumulation of SEA in glass pipettes and infusion tubes cannot be ruled out. On the other hand, removal of the cointeracting agent of inhibition, Na i ϩ (Fig. 5 ) or H i ϩ (alkalinization; see Fig. 8 ), even in the continuous presence of SEA, leads to a clear release of inhibition. The fact that the K i for SEA at a high ionic strength of squid axons is 1 M (Ͼ50 times higher than in mammalian NCX) makes it difficult to conclude that the absence of reversibility is due to the presence of an SEA concentration of ϳ3 M in the SEA-free solutions. The almost inescapable conclusion is that SEA binds quite tightly to the exchanger, and as a consequence of that binding, it facilitates the reversible attachment of the natural H i ϩ ϩ Na i ϩ synergic inhibitors. In summary, our data provide a new, extended explanation for the mechanisms underlying SEA inhibition of the Na ϩ / Ca 2ϩ exchanger. This compound not only enhances Na i ϩ -dependent inactivation but also stabilizes the conformation of the exchanger bound to the first proton. Further experiments are required to explore whether the ligand interactions regulated by phosphoarginine, too, are a target for SEA inhibition. We think that further investigations into the mechanism by which this novel inhibitor acts could produce beneficial pharmacological information and contribute to the understanding of the molecular basis for the regulation of the Na ϩ /Ca 2ϩ exchanger.
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